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Pseudomonas aeruginosaa b s t r a c t
Translocation of Pseudomonas aeruginosa through epithelial tissues can cause sepsis. Here, we
examined whether P. aeruginosa penetrates epithelial cell layers using type IV pili (TFP). Deletion
of TFP (pilA) did not affect association with Caco-2 cells, although it decreased penetration through,
and disruption of, Caco-2 cell monolayers. We found that TFP are necessary for injection of the type
III effector ExoS, which impairs defense against P. aeruginosa penetration, into host cells. Deletion of
pilA attenuated oral infection in silkworms. We conclude that P. aeruginosa injects ExoS into cells
through the function of TFP, enabling penetration of epithelial barriers.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Pseudomonas aeruginosa is a major opportunistic pathogen
that causes pneumonia and bacteremia, both of which are associ-
ated with high mortality rates and are often difﬁcult to treat in
immunocompromised patients [1,2]. P. aeruginosa colonization
of the respiratory, urinary and gastrointestinal tracts in immuno-
compromised patients can trigger a wide range of severe acute
and chronic complications in intensive care units (ICUs) [3]. In
a hospital, typical environmental reservoirs include basins, show-
ers and the rinsing water of manually prepared bronchoscopes
[4]. In addition, the gastrointestinal tract is considered an
endogenous reservoir for P. aeruginosa in immunocompromised
patients, and translocation of the colonized P. aeruginosa from
the gastrointestinal tract can cause severe bacteremia leadingto fatal sepsis [3–7]. Additionally, in vivo experiments using neu-
tropenic mice highlighted the importance of the translocation of
P. aeruginosa from the colonized gastrointestinal tract in cases of
severe sepsis [8,9]. Collectively, these reports suggest that the
elucidation of the translocation mechanisms of P. aeruginosa from
the gastrointestinal tract is required for a better understanding of
P. aeruginosa opportunistic infections.
To translocate to the blood from a host lumen, bacteria must
cross two major barriers, the mucous and epithelial cell layers
[10–12]. Epithelial cells, including those from the gastrointestinal,
respiratory and urinary tracts, attach to adjacent cells via tight
junctions, adherens junctions and desmosomes [13]. Tight junc-
tions provide barriers to prevent leakage of molecules, including
integral proteins and lipids, across the epithelia through the gaps
between cells [13]. Three distinct types of transmembrane pro-
teins have been localized to tight junctions; occludin [14], clau-
dins [15], and junctional adhesion molecules [16]. The lethal
effects of intestinal P. aeruginosa are dependent on its ability to
adhere to and disrupt epithelial cell layers [17–19]. We consider
that penetration of P. aeruginosa through the epithelial cell layer
is at least a ﬁve-step process involving: (i) recognition of epithe-
lial cells; (ii) access to epithelial cells; (iii) adhesion to epithelial
cells; (iv) formation of permeation route and (v) migration to a
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nosa can penetrate the mucin layer using ﬂagellar motility and
mucin degradation [20]. We have also recently demonstrated
that the type III effector molecule ExoS facilitates P. aeruginosa
penetration through the epithelial barrier by impairing the
defense function of tight junction proteins, including occludin,
against bacterial penetration [17]. However, it remains unclear
how P. aeruginosa, which has penetrated the mucus layer, then
adheres to and injects the ExoS effectors into intestinal epithelial
cells.
P. aeruginosa has two major structures that contribute to moti-
lity and adhesion: the ﬂagella [21,22] and type IV pili (TFP) [23–
25]. P. aeruginosa exhibits twitching motility, a form of transloca-
tion on a solid surface dependent on TFP [23]. This twitching moti-
lity derives from retraction of the ﬁlament, which mainly consists
of the major pilus subunit protein PilA, or pilin [23,26,27]. PilT and
PilU are PilB-like ATPases required for pilus retraction [28,29].
Deletion of the pilA gene reduces the association of P. aeruginosa
with, and cytotoxicity to, human respiratory epithelial cells
[22,30,31] and rabbit corneal epithelial cells [32]. Furthermore,
the C-terminal region of pilin binds to Galb1-4GlcNAa of asialo-
GM1 expressed by human respiratory epithelial cells
[24,25,30,33]. However, the role of TFP in the penetration of P. aer-
uginosa through the intestinal epithelial cell barrier is currently
unclear. Therefore, in the present study we examined whether P.
aeruginosa penetrates the epithelial cell monolayer through the
function of TFP.2. Materials and methods
2.1. Bacterial strains, plasmids and growth conditions
The P. aeruginosa wild-type strain PAO1 [34], and mutant
strains DexoS [17], DﬂiC [20], DpilA [35], and DpilA/pilA [35] are
our laboratory stock strains. The pilA and exoS double mutant strain
(DpilADexoS) was constructed by insertion of DpilA-pEX18Tc into
the DexoS strain [35]. A constructed pExoS-bla plasmid was
modiﬁed from that reported previously [36]. Brieﬂy, the promoter
region and the GAP-encoding region of the exoS gene were
PCR-ampliﬁed with primers BamHI-exoS (50-GCGCGGATCCACCTG
CAGGCTGAGTACGCTCTCCTCG-30) and exoS-Fu (50-TTTCTGGG
TGTCTAGACACTTCGGCGTCACTGTGGATGCCACC-30). The bla gene
was ampliﬁed from pGEX6P-1 (GE Healthcare, Waukesha, WI,
USA) with primers bla-Fu (50-CGCCGAAGTGTCTAGACACCCAGAA
ACGCTGGTGAAAGTAAAAG-30) and EcoR1-bla (50-ATATGAATTCT
TACCAATGCTTAATCAGTGAGGCACC-30). These two ﬂanking
sequences were joined by fusion PCR using primers BamHI-exoS
and EcoR1-bla containing the engineered restriction sites BamHI
and EcoRI. To obtain the ExoS-Bla fusion protein expression plas-
mid, the BamHI-exoS-bla-EcoRI fragment was ligated into the
BamHI-EcoRI fragment of pME6032 [37].
2.2. Antibodies
Anti-PilA polyclonal antibody was obtained from Scrum (Scrum,
Tokyo, Japan) [35]. Anti-occludin antibody was obtained from
Invitrogen (Life Technologies, Carlsbad, CA, USA). Anti-b-actin anti-
body was obtained from Chemicon (Merck Millipore, Billerica, MA,
USA).
2.3. Bacterial penetration assay
We carried out a Caco-2 cell monolayer penetration assay as
previously described [17]. Penetration by each strain was analyzed
in triplicate and the experiment was replicated in triplicate.2.4. Bacterial association assay
The assay was performed as reported previously [20]. Cellular
association for each strain was analyzed in triplicate and the
experiment was carried out in triplicate.
2.5. Expression of occludin protein in Caco-2 cell monolayers
The assay was performed as reported previously [17]. The pres-
ence of occludin in the samples was detected by Western blot ana-
lysis using anti-occludin (Life Technologies) and goat anti-rabbit
IgG-peroxidase conjugated antibodies (Sigma, St. Louis, MO,
USA). The bound antibodies were then visualized with the ECL
prime Western blotting detection system (GE Healthcare).
2.6. Mucin penetration assay
We carried out an artiﬁcial mucin penetration assay as
described previously [20]. Penetration of each strain was analyzed
in triplicate and the experiment was replicated in triplicate.
2.7. CCF2-AM loading and b-lactamase detection
The assay was modiﬁed from a previously reported method
[36]. Brieﬂy, HeLa cells were seeded at 1  104 cells per well in a
96-well plate and incubated at 37 C in 5% CO2 for 2 days.
Bacteria were inoculated at 1  106 CFUs per well. Following bac-
terial infection for 4 h, cells were washed six times with DPBS
and incubated with freshly prepared CCF2-AM solution (1 lM ﬁnal
concentration; Invitrogen, Life Technologies) for 1 h in the dark at
room temperature. Green ﬂuorescence of the uncleaved substrate
with an excitation wavelength of 410 nm and emission detection
at 530 nm and blue ﬂuorescence of the cleaved substrate with an
excitation wavelength of 410 nm and emission detection at
450 nmwere measured using a Varioskan™microtiter plate reader
(Thermo Scientiﬁc, Waltham, MA, USA). Cells were also observed
using an IX-71 ﬂuorescent microscope (Olympus, Tokyo, Japan).
The data presented are the means ± standard deviations of three
independent experiments.
2.8. Silkworm bacterial infection model
The assay was performed as reported previously [17]. In the oral
infection model, 10 silkworms (Bombyx mori, Hu-Yo  Tukuba-Ne)
at the ﬁfth-instar stage were fed an antibiotic-free artiﬁcial food,
Silkmate (an approximately 1.0 cm3 block; Katakura Industries,
Japan), to which 200 ll of a bacterial culture (1010 CFU/ml) grown
overnight had been added. As a negative control, 200 ll of saline
was added. The silkworms were maintained without food, and sur-
vival was monitored for 5 days. After infection for 6 h, the
hemolymph of ten silkworms fed with P. aeruginosa was collected
and analyzed for bacterial infection. Appropriate dilutions were
spread onto LB agar plates, incubated at 37 C overnight, and
CFUs were counted to quantify bacteria. Invasion of each strain
was analyzed in triplicate and the experiment was replicated in
triplicate. Additionally wild-type and mutant strains of bacteria
(103–107 CFU per silkworm) were injected into the hemolymph
of 10 silkworms at the ﬁfth-instar stage and viability monitored
as above.
2.9. Statistical analyses
Results are presented as the mean ± standard deviation (S.D.).
The data were subjected to a two-tailed t-test or one-way
ANOVA using Microsoft Excel 2010 (Microsoft, Redmond, WA,
USA). A P-value of P < 0.05 was considered statistically signiﬁcant.
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3.1. TFP are required for the penetration of P. aeruginosa through
Caco-2 cell monolayers
Investigating penetration through intestinal epithelial cell
monolayers using a DpilA and PAO1 strains demonstrated that fol-
lowing 3 h of infection bacteria of the DpilA strain could not pene-
trate Caco-2 cell monolayers while PAO1 strain could (Fig. 1A). The
penetration through Caco-2 cell monolayers by the DpilA strain
was rescued by introducing plasmids carrying the pilA gene
(Fig. 1A). Type IV pili are required for the association of P. aerugi-
nosawith human respiratory epithelial cells [22,30] and rabbit cor-
neal epithelial cells [32]. We performed association assays with
Caco-2 cells using the DpilA strain. There was no signiﬁcant differ-
ence in the numbers of bacteria of either PAO1 or the DpilA strains,
associated with Caco-2 cells (Fig. 1B). Furthermore, anti-PilA anti-
bodies did not affect the number of bacteria associated with Caco-2
cells (Fig. 1C), although they decreased penetration through Caco-2
cell monolayers (Fig. 1D).
3.2. Disruption of Caco-2 cell junctions is necessary for TFP-dependent
epithelial monolayer penetration
To penetrate the epithelial cell monolayer, bacteria must
cross two major barriers; the mucous and epithelial cell layers
[10–12]. To further examine the contribution of TFP in P. aerugi-
nosa to penetration through Caco-2 cell monolayers, we per-
formed an artiﬁcial mucin layer penetration assay using the
pilus mutant strain. A decrease in penetration of the ﬂagellar
ﬁlament mutant, DﬂiC, was consistent with previous ﬁndings
(Fig. 1E) [20]. However, there was no signiﬁcant difference
between PAO1 and the DpilA strains, which penetrated through
an artiﬁcial mucin layer (Fig. 1E). Next, to determine whether
P. aeruginosa can disrupt Caco-2 cell tight junctions through
the function of TFP, we measured TER following infection with
PAO1 and the DpilA strains. There was a steep drop in the TER
of monolayers infected with PAO1 and the DpilA/pilA strains
(Fig. 1F). There was no signiﬁcant change in the TER following
infection with the DpilA strain (Fig. 1F). TER is a sensitive mea-
sure of tight junctional barrier function and reﬂects the condi-
tion of tight junction formation. Western blot analysis revealed
that infection of Caco-2 cells with PAO1 or the DpilA/pilA strain
reduced the levels of expression of occludin protein at 4 h by
99% or 60%, respectively, and at 8 h by 99% or 98%, respectively,
relative to that observed following infection with the DpilA
strain (Fig. 1G). Overall, we observed a good correlation between
changes in TER (Fig. 1F) and the degradation of occludin protein
(Fig. 1G).
3.3. ExoS and TFP expression by the same bacterial cell is required for
penetration of Caco-2 monolayers by P. aeruginosa
P. aeruginosa can disrupt Caco-2 cell tight junctions using TFP
(Fig. 1A–G). A type III effector molecule, ExoS, facilitates P. aerugi-
nosa penetration through the epithelial barrier by impairing the
defense function of tight junctions [17,38]. To examine whether
ExoS and TFP in the same bacterial cell are necessary for disruption
of Caco-2 cell barriers, we measured the TER of Caco-2 cell mono-
layers following infection with a mixture of the DpilA and DexoS
strains. There was no signiﬁcant difference in TER changes among
the mixture, each single mutant, and double mutant strains indi-
vidually (Fig. 2A). Furthermore, the number of bacteria that
penetrated through Caco-2 cell monolayers was positively corre-
lated with the changes in TER (Fig. 2B). Our results showed thatonly P. aeruginosa expressing both ExoS and TFP in the same cell
can disrupt epithelial tight junctions.
3.4. TFP are necessary for the injection of ExoS into host cells
To determine whether injection of ExoS by P. aeruginosa into
epithelial cells is impacted by TFP-dependent cell penetration,
translocation of ExoS effectors was detected directly within living
host cells using the ﬂuorescent b-lactamase substrate CCF2/AM.
Green ﬂuorescence was not observed in Caco-2 cells after treat-
ment with CCF2/AM (data not shown), therefore we determined
b-lactamase activity using HeLa cells, as reported previously [36].
HeLa cells were infected with P. aeruginosa strains containing a
vector expressing an exoS/blaM (b-lactamase) fusion gene. CCF2
cleavage mediated by the translocated fusion protein induces the
disruption of ﬂuorescence resonance energy transfer and provokes
a shift from green to blue ﬂuorescence. Notably, deﬁciency of TFP
reduced both the number of cells positive for the blue ﬂuorescence
derived from the degradation products of CCF2 (Fig. 3A), and also
the ratio of blue to green ﬂuorescence intensity by approximately
50% (Fig. 3B).
3.5. TFP are required for the virulence of P. aeruginosa after oral
infection in silkworms
We performed an in vivo epithelial penetration assay using a
silkworm bacterial infection model to determine whether the
pilA and exoS genes are necessary for P. aeruginosa virulence after
oral infection [17]. The virulence of the DpilA, DexoS, and
DexoSDpilA strains after oral infection was signiﬁcantly attenuated
compared with the wild-type strain (Fig. 4A). We next directly
evaluated the ability of PAO1, the DpilA, DexoS, and DexoSDpilA
strains to penetrate the midgut barrier after oral administration.
As shown in Fig. 4B, the numbers of bacteria of the DpilA and
DexoS strains identiﬁed in the hemolymph at 6 h after oral infec-
tion were signiﬁcantly lower than that of PAO1 strain.
Additionally, the virulence after oral infection was similar between
single and double mutant strains (Fig. 4A and B). Moreover, silk-
worm viability following the injection of bacteria into the
hemolymph was similar among all strains at all inoculum doses
tested (103–107 CFU/silkworm) (Fig. 4C and data not shown).
4. Discussion
Our data showed that TFP are required for efﬁcient disruption of
tight junctions after adhesion to epithelial cells by P. aeruginosa
(Fig. 1A–G). Expression of both the type III effector ExoS and TFP
in the same cell is required for the disruption of the tight junctions
(Fig. 2A and B). Furthermore, ExoS injection by P. aeruginosa into
epithelial cells is impacted by TFP expression, allowing penetration
through the epithelial barrier (Fig. 3A and B). These in vitro ﬁnd-
ings were supported by results from an in vivo silkworm bacterial
infection model (Fig. 4A–C). Collectively, these results suggest that
TFP of P. aeruginosa are required for injection of the type III effector
ExoS into epithelial cells and the penetration of P. aeruginosa
through the epithelial barrier.
Deﬁciency of TFP reduced the amount of ExoS injected into
epithelial cells (Fig. 3A and B). PilT is a hexameric ATPase required
for bacterial type IV pilus retraction and surface twitching motility
[23,26–29]. The twitching motility of P. aeruginosa is important for
both P. aeruginosa cytotoxicity against epithelial cells and for viru-
lence in vivo [23,39]. Our data showed that the deletion of TFP did
not affect penetration through the artiﬁcial mucin layer and asso-
ciation with the epithelial cell surface (Fig. 1B and E). Based on our




Fig. 1. Penetration of P. aeruginosa through epithelial cell monolayers in vitro. (A) Penetration of Caco-2 cell monolayers by wild-type P. aeruginosa (PAO1) and pilus mutant
strains. Caco-2 cells were infected, and the number of bacteria in the Transwell basolateral medium counted. The assay was performed in triplicate, and the results are
expressed as means ± S.D. ⁄P < 0.05 compared with TFP mutant strain (DpilA). (B) Association of wild-type and pilus mutant strains with Caco-2 cells. Bacteria were inoculated
onto the apical surface of Caco-2 cells. The number of associated bacteria was evaluated by lysis of Caco-2 cells with Triton X-100 after washing of the Transwell with DPBS.
The assay was performed in triplicate, and the results are expressed as means ± S.D. (C) P. aeruginosa strains were pretreated for 30 min with an anti-PilA antibody
(1.6  105 CFUs/40 lg of antibody) then inoculated onto the apical surface of the Caco-2 cells. The number of associated bacteria was evaluated by lysis of Caco-2 cells with
Triton X-100 after washing of the Transwell with DPBS. The assay was performed in triplicate, and the results are expressed as means ± S.D. (D) P. aeruginosa strains were
pretreated for 30 min with an anti-PilA antibody (1.6  105 CFUs/40 lg of antibody) then inoculated onto the apical surface of Caco-2 cells in Transwells, and the number of
bacteria in the basolateral medium counted. The assay was performed in triplicate, and the results are expressed as means ± S.D. ⁄P < 0.05 compared with the wild-type strain
(PAO1) without anti-PilA antibody treatment. (E) Penetration of the mucin layer by the wild-type and ﬂagellar and pilus mutant strains. Bacteria were loaded on top of 2%
bovine submaxillary mucin, and the number of bacteria in the bottom medium counted at 1 h. The assay was performed in triplicate, and the results are expressed as
means ± S.D. ⁄P < 0.05 compared with the wild-type strain (PAO1). (F) Changes in the TERs of Caco-2 cell monolayers. In the control, LB broth was added instead of bacteria.
The TER was measured at the indicated times in triplicate and is expressed as the average ± S.D. of the resistance multiplied by the area. ⁄P < 0.05 compared with TFP mutant
strain (DpilA). (G) Expression of occludin protein in Caco-2 cell monolayers infected with wild-type P. aeruginosa and pilus mutant strains. Caco-2 monolayers were infected
and incubated. The cell lysates were analyzed by Western blotting using anti-occludin and anti-b-actin antibodies.
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BA
Fig. 2. Penetration of P. aeruginosa through epithelial cell monolayers using ExoS and TFP. (A) Changes in the TERs of Caco-2 cell monolayers induced by wild-type P.
aeruginosa, the pilA gene mutant, the exoS gene mutant, the pilA and exoS genes double mutant, and a mixture of the pilA gene mutant and the exoS gene mutant strains. In the
control, LB broth was added instead of bacteria. The TER was measured at the indicated times in triplicate and is expressed as the average ± S.D. of the resistance multiplied by
the area. ⁄P < 0.05 compared with TFP mutant strain (DpilA). (B) Penetration of Caco-2 cell monolayers by wild-type P. aeruginosa, the pilA gene mutant, the exoS gene mutant,
the pilA and exoS genes double mutant, and mixture of the pilA gene mutant and the exoS gene mutant strains. Caco-2 cells were infected and the number of bacteria in the
basolateral medium counted. The assay was performed in triplicate, and the results are expressed as means ± S.D. ⁄P < 0.05 compared with TFP mutant strain (DpilA).
BA
Fig. 3. ExoS injection by P. aeruginosa into epithelial cells is impacted by TFP dependent cell penetration. (A) HeLa cells were infected for 4 h with the wild-type, wild-type
expressing ExoS-Bla, the pilus mutant, and the pilus mutant expressing ExoS-Bla. After incubation with b-lactamase substrate CCF2-AM, cells were observed by ﬂuorescence
microscopy using a 20 objective. (B) HeLa cells were infected for 4 h with the wild-type, wild-type expressing ExoS-Bla, the pilus mutant, and the pilus mutant expressing
ExoS-Bla. After incubation with the b-lactamase substrate CCF2-AM, blue (450 nm) and green (530 nm) ﬂuorescence intensities of the cells were measured with a
ﬂuorometric plate reader. The extent of ExoS-bla injection into cells is shown as the blue (450 nm)/green (530 nm) ﬂuorescence ratios. The assay was performed in triplicate,
and the results are expressed as means ± S.D. ⁄P < 0.05 compared with PAO1 harboring the pME6032 plasmid. #P < 0.05 compared with PAO1 expressing ExoS-Bla.
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cell surface. This hypothesis will be addressed in future studies.
P. aeruginosa has two major structures that contribute to moti-
lity: the ﬂagella [21,22] and TFP [23–25]. Moreover, other motility
mechanisms have been suggested in P. aeruginosa [40]. Our recent
report suggested that P. aeruginosa uses some form of motility
other than the ﬂagella to penetrate through the mucin layer,
because we observed mucin layer penetration even in the absence
of an intact ﬂagellum [20]. In this study, deﬁciency of TFP did not
affect penetration through the artiﬁcial mucin layer and asso-
ciation with the epithelial cell surface (Fig. 1B–E). Taken together,
TFP are not required for penetration of mucin layers. Therefore,
further studies are necessary to better understand the motility
used for penetration of mucin layers.The ﬂagella and TFP are adhesins for host cells [22]. Other adhe-
sins have been identiﬁed, including the cup ﬁmbrial adhesins [41]
and lectins PA-IL (LecA) and PA-IIL (LecB) [42]. In this study, we
observed association of bacteria with Caco-2 cells even in the
absence of intact pili. Taken together, P. aeruginosa can bind to
Caco-2 cells using other adhesion systems. However, further stud-
ies are necessary to understand the role of P. aeruginosa adhesins in
adherence to Caco-2 cells.
P. aeruginosa can adhere to human respiratory [22] and rabbit
corneal [32] epithelial cells using TFP. However, we observed that
there was no difference in association with Caco-2 human intesti-
nal cells between bacteria of the wild-type and the pilus mutant
strains (Fig. 1B and C). This may be cell speciﬁc. For example, if
asialo-GM1, to which the pilin binds [24,25,33], varies in
BA
C
Fig. 4. Pili are essential for P. aeruginosa virulence in silkworms because of its ability to mediate penetration through the midgut epithelial barrier. (A) Comparison of the
virulence of wild-type P. aeruginosa, pilA gene mutant, exoS gene mutant, and the pilA and exoS genes double mutant strains following oral administration to 10 silkworms.
Saline was used as a control. (B) Numbers of bacteria in the hemolymph at 6 h after oral administration of wild-type P. aeruginosa, pilA gene mutant, exoS gene mutant, and the
pilA and exoS genes double mutant strains to 10 silkworms. The assay was performed in duplicate, and the results are expressed as means ± S.D. ⁄P < 0.05 compared with the
wild-type strain (PAO1). (C) Comparison of the virulence of wild-type P. aeruginosa, pilA gene mutant, exoS gene mutant, and the pilA and exoS double mutant strains following
injection into the hemolymph (103 CFU per silkworm) of 10 silkworms. Saline was used as a control.
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cells. However, the reasons for the inability of P. aeruginosa to asso-
ciate with Caco-2 cells via TFP remain unclear.
Fig. 4A and B showed that TFP are required for P. aeruginosa
translocation from the gut to the hemolymph of silkworms.
Fig. 4C showed that silkworm viability following the injection of
bacteria into the hemolymph was similar between PAO1 and the
DpilA strains. Furthermore, there was a positive correlation
between the number of bacteria in the hemolymph and the mor-
tality rate of silkworms after direct injection of P. aeruginosa into
hemolymph [43–45]. Therefore, we conclude that the mortality
of silkworms following oral infection by the wild-type strain is at
least partially dependent upon the ability of the bacteria to pene-
trate efﬁciently through the gut epithelial barrier in a TFP-depen-
dent manner. Additionally, because there was no signiﬁcant
difference between groups after infection with the DpilA, DexoS,
and DpilAexoS strains (Fig. 4A–C), we hypothesize that both TFP
and ExoS are necessary for the establishment of gut-derived sepsis
after oral infection by the same pathway.
In summary, our study using in vitro cultured epithelial cells
and an in vivo silkworm bacterial infection model, showed that
the P. aeruginosa PAO1 strain requires TFP for the injection of the
type III effector molecule ExoS into epithelial cells by the type IIIsecretion system, thereby enabling penetration of intestinal
epithelial barriers. Further studies will be required to clarify the
contribution of TFP to P. aeruginosa penetration through epithelial
tissues, although these ﬁndings may lead to new therapeutic
strategies for P. aeruginosa gut-derived sepsis.
Author contributions
NH and NG designed experiments; NH, HN, SK, SD, TN, AF, and
MS performed experimets; NH analyzed data; NH wrote the manu-
script; NH and NG made manuscript revisions; NH and NG con-
ceived and supervised the study.
Acknowledgments
This work was supported in part by a Kyoto Pharmaceutical
University Fund for the Promotion of Scientiﬁc Research to NH.
This research was also supported by a Grant-in-Aid for Scientiﬁc
Research (C) from the Japan Society for the Promotion of Science
(JSPS), Japan and the Ministry of Education, Culture, Sports,
Science, and Technology Supported Program for the Strategic
Research Foundation at Private Universities, Japan, 2013-2017, to
NG.
896 N. Hayashi et al. / FEBS Letters 589 (2015) 890–896References
[1] Vincent, J.L., Rello, J., Marshall, J., Silva, E., Anzueto, A., Martin, C.D., Moreno, R.,
Lipman, J., Gomersall, C., Sakr, Y., Reinhart, K. and EPIC II Group of Investigators
(2009) International study of the prevalence and outcomes of infection in
intensive care units. JAMA 302 (21), 2323–2329.
[2] Fujitani, S., Sun, H.Y., Yu, V.L. and Weingarten, J.A. (2011) Pneumonia due to
Pseudomonas aeruginosa: part I: epidemiology, clinical diagnosis, and source.
Chest 139 (4), 909–919.
[3] Bertrand, X., Thouverez, M., Talon, D., Boillot, A., Capellier, G., Floriot, C. and
Hélias, J.P. (2001) Endemicity, molecular diversity and colonisation routes of
Pseudomonas aeruginosa in intensive care units. Intensive Care Med. 27 (8),
1263–1268.
[4] Panzig, B., Schröder, G., Pitten, F.A. and Gründling, M. (1999) A large outbreak
of multiresistant Pseudomonas aeruginosa strains in north-eastern Germany. J.
Antimicrob. Chemother. 43 (3), 415–418.
[5] Tancrede, C.H. and Andremont, A.O. (1985) Bacterial translocation and gram-
negative bacteremia in patients with hematological malignancies. J. Infect. Dis.
152 (1), 99–103.
[6] Ohara, T. and Itoh, K. (2003) Signiﬁcance of Pseudomonas aeruginosa
colonization of the gastrointestinal tract. Intern. Med. 42 (11), 1072–1076.
[7] Shimizu, K., Ogura, H., Gotoh, M., Asahara, T., Nomoto, K., Morotomi, M.,
Yoshiya, K., Matsushima, A., Sumi, Y., Kuwagata, Y., Tanaka, H., Shimazu, T. and
Sugimoto, H. (2006) Altered gut ﬂora and environment in patients with severe
SIRS. J. Trauma 60 (1), 126–133.
[8] Koh, A.Y., Priebe, G.P. and Pier, G.B. (2005) Virulence of Pseudomonas
aeruginosa in a murine model of gastrointestinal colonization and
dissemination in neutropenia. Infect. Immun. 73 (4), 2262–2272.
[9] Koh, A.Y., Mikkelsen, P.J., Smith, R.S., Coggshall, K.T., Kamei, A., Givskov, M.,
Lory, S. and Pier, G.B. (2010) Utility of in vivo transcription proﬁling for
identifying Pseudomonas aeruginosa genes needed for gastrointestinal
colonization and dissemination. PLoS One 5 (12), e15131.
[10] Tlaskalová-Hogenová, H., Steˇpánková, R., Kozáková, H., Hudcovic, T., Vannucci,
L., Tucˇková, L., Rossmann, P., Hrncˇírˇ, T., Kverka, M., Zákostelská, Z., Klimešová,
K., Prˇibylová, J., Bártová, J., Sanchez, D., Fundová, P., Borovská, D., Sru˚tková, D.,
Zídek, Z., Schwarzer, M., Drastich, P. and Funda, D.P. (2011) The role of gut
microbiota (commensal bacteria) and the mucosal barrier in the pathogenesis
of inﬂammatory and autoimmune diseases and cancer: contribution of germ-
free and gnotobiotic animal models of human diseases. Cell. Mol. Immunol. 8
(2), 110–120.
[11] Dharmani, P., Srivastava, V., Kissoon-Singh, V. and Chadee, K. (2009) Role of
intestinal mucins in innate host defense mechanisms against pathogens. J.
Innate Immun. 1 (2), 123–135.
[12] McGuckin, M.A., Lindén, S.K., Sutton, P. and Florin, T.H. (2011) Mucin dynamics
and enteric pathogens. Nat. Rev. Microbiol. 9 (4), 265–278.
[13] Miyoshi, J. and Takai, Y. (2005) Molecular perspective on tight-junction
assembly and epithelial polarity. Adv. Drug Deliv. Rev. 57 (6), 815–855.
[14] Furuse, M., Hirase, T., Itoh, M., Nagafuchi, A., Yonemura, S., Tsukita, S. and
Tsukita, S. (1993) Occludin: a novel integral membrane protein localizing at
tight junctions. J. Cell Biol. 123 (6 Pt 2), 1777–1788.
[15] Furuse, M., Fujita, K., Hiiragi, T., Fujimoto, K. and Tsukita, S. (1998) Claudin-1
and -2: novel integral membrane proteins localizing at tight junctions with no
sequence similarity to occludin. J. Cell Biol. 141 (7), 1539–1550.
[16] Martìn-Padura, I., Lostaglio, S., Schneemann, M., Williams, L., Romano, M.,
Fruscella, P., Panzeri, C., Stoppacciaro, A., Ruco, L., Villa, A., Simmons, D. and
Dejana, E. (1998) Junctional adhesion molecule, a novel member of the
immunoglobulin superfamily that distributes at intercellular junctions and
modulates monocyte transmigration. J. Cell Biol. 142 (1), 117–127.
[17] Okuda, J., Hayashi, N., Okamoto, M., Sawada, S., Minagawa, S., Yano, Y. and
Gotoh, N. (2010) Translocation of Pseudomonas aeruginosa from the intestinal
tract is mediated by the binding of ExoS to an Na, K-ATPase regulator, FXYD3.
Infect. Immun. 78 (11), 4511–4522.
[18] Hirakata, Y., Izumikawa, K., Yamaguchi, T., Igimi, S., Furuya, N., Maesaki, S.,
Tomono, K., Yamada, Y., Kohno, S., Yamaguchi, K. and Kamihira, S. (1998)
Adherence to and penetration of human intestinal Caco-2 epithelial cell
monolayers by Pseudomonas aeruginosa. Infect. Immun. 66 (4), 1748–1751.
[19] Hirakata, Y., Finlay, B.B., Simpson, D.A., Kohno, S., Kamihira, S. and Speert, D.P.
(2000) Penetration of clinical isolates of Pseudomonas aeruginosa through
MDCK epithelial cell monolayers. J. Infect. Dis. 181 (2), 765–769.
[20] Hayashi, N., Matsukawa, M., Horinishi, Y., Nakai, K., Shoji, A., Yoneko, Y.,
Yoshida, N., Minagawa, S. and Gotoh, N. (2013) Interplay of ﬂagellar motility
and mucin degradation stimulates the association of Pseudomonas aeruginosa
with human epithelial colorectal adenocarcinoma (Caco-2) cells. J. Infect.
Chemother. 19 (2), 305–315.
[21] Rashid, M.H. and Kornberg, A. (2000) Inorganic polyphosphate is needed for
swimming, swarming, and twitching motilities of Pseudomonas aeruginosa.
Proc. Natl. Acad. Sci. USA 97 (9), 4885–4890.
[22] Bucior, I., Pielage, J.F. and Engel, J.N. (2012) Pseudomonas aeruginosa pili and
ﬂagella mediate distinct binding and signaling events at the apical and
basolateral surface of airway epithelium. PLoS Pathog. 8 (4), e1002616.
[23] Burrows, L.L. (2012) Pseudomonas aeruginosa twitching motility: type IV pili in
action. Annu. Rev. Microbiol. 66, 493–520.[24] Irvin, R.T., Doig, P., Lee, K.K., Sastry, P.A., Paranchych, W., Todd, T. and Hodges,
R.S. (1989) Characterization of the Pseudomonas aeruginosa pilus adhesin:
conﬁrmation that the pilin structural protein subunit contains a human
epithelial cell-binding domain. Infect. Immun. 57 (12), 3720–3726.
[25] Gupta, S.K., Berk, R.S., Masinick, S. and Hazlett, L.D. (1994) Pili and
lipopolysaccharide of Pseudomonas aeruginosa bind to the glycolipid asialo
GM1. Infect. Immun. 62 (10), 4572–4579.
[26] Maier, B., Potter, L., So, M., Long, C.D., Seifert, H.S. and Sheetz, M.P. (2002)
Single pilus motor forces exceed 100 pN. Proc. Natl. Acad. Sci. USA 99 (25),
16012–16017.
[27] Merz, A.J., So, M. and Sheetz, M.P. (2000) Pilus retraction powers bacterial
twitching motility. Nature 407 (6800), 98–102.
[28] Whitchurch, C.B., Hobbs, M., Livingston, S.P., Krishnapillai, V. and Mattick, J.S.
(1991) Characterisation of a Pseudomonas aeruginosa twitching motility gene
and evidence for a specialised protein export system widespread in
eubacteria. Gene 101 (1), 33–44.
[29] Whitchurch, C.B. and Mattick, J.S. (1994) Characterization of a gene, pilU,
required for twitching motility but not phage sensitivity in Pseudomonas
aeruginosa. Mol. Microbiol. 13 (6), 1079–1091.
[30] Hambrook, J., Titball, R. and Lindsay, C. (2004) The interaction of Pseudomonas
aeruginosa PAK with human and animal respiratory tract cell lines. FEMS
Microbiol. Lett. 238 (1), 49–55.
[31] Heiniger, R.W., Winther-Larsen, H.C., Pickles, R.J., Koomey, M. and Wolfgang,
M.C. (2010) Infection of human mucosal tissue by Pseudomonas aeruginosa
requires sequential and mutually dependent virulence factors and a novel
pilus-associated adhesin. Cell. Microbiol. 12 (8), 1158–1173.
[32] Zolfaghar, I., Evans, D.J. and Fleiszig, S.M. (2003) Twitching motility
contributes to the role of pili in corneal infection caused by Pseudomonas
aeruginosa. Infect. Immun. 71 (9), 5389–5393.
[33] Doig, P., Sastry, P.A., Hodges, R.S., Lee, K.K., Paranchych, W. and Irvin, R.T.
(1990) Inhibition of pilus-mediated adhesion of Pseudomonas aeruginosa to
human buccal epithelial cells by monoclonal antibodies directed against pili.
Infect. Immun. 58 (1), 124–130.
[34] Stover, C.K., Pham, X.Q., Erwin, A.L., Mizoguchi, S.D., Warrener, P., Hickey, M.J.,
Brinkman, F.S., Hufnagle, W.O., Kowalik, D.J., Lagrou, M., Garber, R.L., Goltry, L.,
Tolentino, E., Westbrock-Wadman, S., Yuan, Y., Brody, L.L., Coulter, S.N., Folger,
K.R., Kas, A., Larbig, K., Lim, R., Smith, K., Spencer, D., Wong, G.K., Wu, Z.,
Paulsen, I.T., Reizer, J., Saier, M.H., Hancock, R.E., Lory, S. and Olson, M.V.
(2000) Complete genome sequence of Pseudomonas aeruginosa PAO1, an
opportunistic pathogen. Nature 406 (6799), 959–964.
[35] Okuda, J., Hayashi, N., Arakawa, M., Minagawa, S. and Gotoh, N. (2013) Type IV
pilus protein PilA of Pseudomonas aeruginosa modulates calcium signaling
through binding the calcium-modulating cyclophilin ligand. J. Infect.
Chemother. 19 (4), 653–664.
[36] Verove, J., Bernarde, C., Bohn, Y.S., Boulay, F., Rabiet, M.J., Attree, I. and Cretin,
F. (2012) Injection of Pseudomonas aeruginosa Exo toxins into host cells can be
modulated by host factors at the level of translocon assembly and/or activity.
PLoS One 7 (1), e30488.
[37] Heeb, S., Itoh, Y., Nishijyo, T., Schnider, U., Keel, C., Wade, J., Walsh, U., O’Gara,
F. and Haas, D. (2000) Small, stable shuttle vectors based on the minimal pVS1
replicon for use in gram-negative, plant-associated bacteria. Mol. Plant
Microbe Interact. 13 (2), 232–237.
[38] Soong, G., Parker, D., Magargee, M. and Prince, A.M. (2008) The type III toxins
of Pseudomonas aeruginosa disrupt epithelial barrier function. J. Bacteriol. 190
(8), 2814–2821.
[39] Alarcon, I., Kwan, L., Yu, C., Evans, D.J. and Fleiszig, S.M. (2009) Role of the
corneal epithelial basement membrane in ocular defense against Pseudomonas
aeruginosa. Infect. Immun. 77 (8), 3264–3271.
[40] Murray, T.S. and Kazmierczak, B.I. (2008) Pseudomonas aeruginosa exhibits
sliding motility in the absence of type IV pili and ﬂagella. J. Bacteriol. 190 (8),
2814–2821.
[41] Vallet, I., Olson, J.W., Lory, S., Lazdunski, A. and Filloux, A. (2001) The
chaperone/usher pathways of Pseudomonas aeruginosa: identiﬁcation of
ﬁmbrial gene clusters (cup) and their involvement in bioﬁlm formation.
Proc. Natl. Acad. Sci. USA 98 (12), 6911–6916.
[42] Chemani, C., Imberty, A., de Bentzmann, S., Pierre, M., Wimmerová, M., Guery,
B.P. and Faure, K. (2009) Role of LecA and LecB lectins in Pseudomonas
aeruginosa-induced lung injury and effect of carbohydrate ligands. Infect.
Immun. 77 (5), 2065–2075.
[43] Jander, G., Rahme, L.G. and Ausubel, F.M. (2000) Positive correlation between
virulence of Pseudomonas aeruginosa mutants in mice and insects. J. Bacteriol.
182 (13), 3843–3845.
[44] Kaito, C., Akimitsu, N., Watanabe, H. and Sekimizu, K. (2002) Silkworm larvae
as an animal model of bacterial infection pathogenic to humans. Microb.
Pathog. 32 (4), 183–190.
[45] Okuda, J., Okamoto, M., Hayashi, N., Sawada, S., Minagawa, S. and Gotoh, N.
(2012) Complementation of the exoS gene in the pvdE pyoverdine synthesis
gene-deﬁcient mutant of Pseudomonas aeruginosa results in recovery of the
pvdE gene-mediated penetration through the intestinal epithelial cell barrier
but not the pvdE-mediated virulence in silkworms. J. Infect. Chemother. 18 (3),
332–340.
